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WATANABE*2 (Accepted October 3, 1983) Pinocytotic ingestion of protein molecules by rectal epithelium cells has been known to occur in teleost larvae and is supposed to have a nutritional role indigestion of food proteins.
Morphological and functional changes in the rectal epithelium cells of pond smelt were investigated to clarify their nutritional role during postembryonic development.
The ability of the rectal epithelium cells to ingest protein molecules appeared a few days after hatching, prior to the initiation of feeding. The ability increased thereafter and was maintained for about 200 days till the immature stage of the fish. Throughout this period active pinocytotic features at the base of microvilli characterized the cells. Large supranuclear vacuoles appeared after the commencement of feeding. Food proteins, detected as a homogeneous electron-dense substance, filled the vacuoles of fed larvae. After the stage of gastric gland differentiation, at approximately 50 days, food proteins as well as the large supranuclear vacuoles tended to disappear from the cells. Although the cells retained the ability to ingest protein, no food protein was detected in the cells of juveniles about 80 days old which had functional stomachs.
The cells of adult fish did not ingest protein molecules. They showed some invaginations of intermicrovillous plasma membranes but no supranuclear vacuoles. It was concluded that the rectal epithelium cells of larval pond smelt function in protein digestion from the stage of initiation of feeding up until gastric gland differentiation.
Teleost larvae possess elementary digestive organs at the commencement of feeding.1) However, it is not until the transition period from larva to juvenile that the adult-like digestive system is established.') One of the most important organs lacking in larvae is a functional stomach. It is generally accepted that in adult stomach-possessing fishes, food proteins are subjected to peptic and tryptic digestion and the resulting peptides or amino acids are absorbed by intestinal epithelium cells. A functional stomach is essential for complete digestion of proteins in the gut. Larvae must digest and absorb food proteins by different mechanisms from those in adults.
Pinocytotic ingestion of protein macromolecules by the epithelial cells of the posterior intestine is known to occur in several kinds of teleost larvae.3,4) It is also clarified that the posterior intestine cells of adult stomachless fishes such as goldfish,5) carp,6) tench7) and grasscarp3) ingest protein macromolecules in the same manner as in larvae of stomach-possessing species. Many authors have suggested that the ingestion of molecular proteins by intestinal cells is the alternative method of protein nutrition in fishes devoid of gastric glands. [6] [7] [8] [9] [10] [11] [12] However, morphological features of pinocytosis are also known to occur in adult stomach-possessing fishes such as channel catfish, 13) perch14) and rainbow trout. 15 should be studied throughout the entire postembryonic development of fish. This paper aims to clarify this point in pond smelt by observing the following phenomena:
(1) the time at which pinocytotic ingestion of protein macromolecules appears in rectal epithelium cells and how long this ability is maintained; and (2) the kinds of morphological changes rectal cells exhibit in relation to the appearance and disappearance of this ability.
Materials and Methods
Fish used in this study were larvae, juveniles,
Figs. 1-6. HRP histochemistry of the rectal epithelia of fish 90 minutes after HRP administration. Note that the central pairs of fibrils in all cilia show the same orientation, parallel to the cell surface. (4.9 mm TL), (x 27,000) BB, basal body; GA, Golgi apparatus; M, Mitochondria logical saline was administered into the guts of 3-5 fish of each stage through a glass capillary inserted into the esophagus or the anus. Ninety minutes after the HRP administration, the whole body or the posterior part of the intestine was processed as described in a previous paper.4) Digestive organs and rectal epithelia were observed under a light microscope using paraffin sections stained with hematoxylin and eosin. Electron microscope observations of rectal epithelium cells were performed after the following procedures. The posterior part of the intestine was dissected out and fixed for 2 hours in a 2 paraformaldehyde and 2.5 % glutaraldehyde mixture in 0.1 M phosphate buffer of pH 7.3. After washing in the buffer, it was post-fixed in a cold 1 % OsO4 solution in 0.1 M phosphate buffer of pH 7.3, containing 0.54% glucose. The tissue was dehydrated and embedded in epoxy resin (Epon 812) and cut into ultrathin sections. The sections were stained with uranyl acetate and lead citrate and observed under an electron microscope (HITACHI HU-12).
Results

Development of Digestive Organs
Pond smelt larvae had a small amount of yolk when they hatched, at about 5.0 mm total length (TL). They swam actively and consumed the yolk in three or four days.
Feeding began almost simultaneously with complete consumption of the yolk. The larvae had a liver, a pancreas and a gall bladder at hatching, and the alimentary canal was a straight tube connecting the opened mouth and anus.
Two slight constrictions divided the canal into three parts; a stomach rudiment, an anteromedian intestine and a rectum.
The fish were devoid of gastric glands until approximately 50 days old (17-18 mm TL) and therefore had to digest and absorb food proteins without functioning gastric glands for approximately 46 days. The intestine convoluted at this stage and pyloric caeca appeared afterwards.
The adult-like digestive system was established by about 2 months after hatching (20-25 mm TL). The rectal epithelium cells of newly-hatched larvae did not ingest HRP molecules. Small amount of dark brown deposits were detected in the cells of the middle rectum of larvae 3 days old. The reaction products of HRP were located in the supranuclear areas of the cells and had a granular appearance (Fig. 1) . The amount of ingested HRP increased thereafter and the cells in larvae 25 days old contained dense reaction products in their apical halves (Fig. 2) . The ability of HRP ingestion was considerable in juveniles ( Their cross-section showed a typical 9g+2 structure (Fig. 9) . The orientations of the central pairs of fibrils in all cilia were parallel to the cell surface in the cross-section of the rectum. The cytoplasm was rich in glycogen-like granules and numerous large mitochondria were distributed in the apical region. The number of ciliated cells in the epithelium was greater near the anus. The epithelia of the middle rectum of larvae 4 days old were devoid of cilia and the narrow cells showed chromophobic supranuclear areas ( Fig.   10 ), where small acidophilic granules were observed. Distinct tubular invaginations of the intermicrovillous plasma membranes were seen via an electron microscope in the cells of the middle rectum (Fig. 11) . Small vesicles and vacuoles containing a small amount of an electron-dense substance were seen in the apical parts of the cells.
There were few glycogen-like granules in the cytoplasm. Mitochondria were large in size and low in electron density.
The epithelium in the posterior rectum had many ciliated cells (Fig. 12) . The microvillous cells in this area did not show pinocytotic features and contained many glycogenlike granules, similar to those in newly-hatched larvae.
In larvae 25 days old, the cells were taller and had many acidophilic granules in the chromophobic supranuclear areas (Fig. 13) . Microvilli measured about 2.5 um long and were observed under a light microscope as a distinct striated border. Active pinocytotic features were visible at the base of microvilli of the microvillous cells except for those near the anus.
Because of the presence of many invaginations and pinocytotic vesicles, some of which were coalescing, the terminal web was indistinct. Membrane-limited large vacuoles were located in the supranuclear area, and were filled with a homogeneous electron-dense substance (Fig. 14) . Some showed lysosomal structures. The mucosal folds had formed in the rectal epithelia of larvae 51 days old (Fig. 15) which were in the initial stage of gastric gland differentiation. Under a light microscope, the cells showed similar features to those of larvae 25 days old. As seen in electron micrographs, the microvilli were shorter-about 1.3 um long. Numerous small vesicles and tubules were distributed throughout the apical areas. As in larvae 25 days old, large vacuoles were seen in the supranuclear areas. However, the amount of an electron-dense substance in the vacuoles had decreased and become sparse (Fig. 16) . Smaller vacuoles in the apical areas appeared empty.
The digestive organs in juveniles were fully differentiated and showed adult-like structures. There were high mucosal folds in the rectum and staining of the cell supranuclear areas was light (Fig. 17) . Though pinocytotic invaginations were evident, the apical ends of the cells were terminal web-like, with few vesicles and cell organelles. Numerous small vesicles and tubules formed network just beneath the terminal web-like structure.
The vacuoles in the supranuclear area were smaller than those of larvae and contained an electronlucent substance (Fig. 18 ). Mitochondria were small and their electron density was quite high. Morphological differences between cells with and those without the ability of protein ingestion were not apparent in light micrographs (Fig. 19) . Under an electron microscope, however, pinocytotic vesicles and vacuoles were rarely observed in the cells of immatures over 55 mm TL (Fig. 20) , which had lost the ability to ingest HRP (Fig. 5) . The terminal web was distinct at the base of microvilli. The supranuclear area was occupied by numerous small mitochondria, small lysosomal bodies, multivesicular bodies, endoplasmic reticuli, Golgi apparatus, etc. Fat droplets were sometimes observed. At this stage, mucus-secreting cells containing a granular secretion substance increased in number (Fig. 20) .
The mucosal epithelia in adults were highly folded and the cells were extremely slender with basally situated nuclei (Fig. 21) . The structure of the cells was similar to those of immatures over 55 mm TL except that they had many lysosomal bodies in the supranuclear areas (Fig. 22 ). These bodies were 0.8-2.3 F7m in diameter and contained myelinated membranous structures (Fig. 23 ). Some invaginations of intermicrovillous plasma membranes were observed in the microvillous cells and the epithelium near the anus had numerous ciliated cells.
Discussion
The rectal epithelium of a newly-hatched larva consists of low columnar cells of two types: the microvillous cells and the ciliated cells, both with numerous glycogen granules in the cytoplasm. MERRILL et al. 17) found much glycogen in the ileal absorptive cells of guinea pig fetuses 3 or 4 days before birth.
Presence of cilia in intestinal epithelia has been reported in larvae of plecoglossid,18) osmerid,11) clupeoid and salangid20) fishes. Cilia are known to beat perpendicularly to the line joining the central pair of fibrils. Since the orientations of these lines in all cilia were parallel to the cell surface in the cross-section of the rectum, all cilia beat along the long axis of the rectum. Considering that the ciliated cells decreased in number with the growth of the fish, they were assumed to act in carrying foods backward in the early larval stage, as indicated previously by IwAL18) Ciliated cells remained in the epithelia near the anus of juveniles, immatures and adults of pond smelt. Possibly, these cells act to drive faeces out in the older fish.
The ability to ingest protein macromolecules appeared on the second or third day of life prior to the initiation of feeding. In larvae days old, pinocytotic invaginations of the intermicrovillous plasma membranes appeared, as did cytoplasmic vesicles and vacuoles. The chromophobic nature of the supranuclear areas of the cells in larvae 4 days old was caused by these cytological changes. Since protein ingestion into rectal cells has been shown to occur through pinocytoses, 6, 7, 21) protein ingestion capability and pinocytotic features naturally appeared simultaneously. The electron-dense substance in the vacuoles of fed larvae, observed as acidophilic granules in light micrographs, were undoubtedly exogenous proteins derived from foods. This has been demonstrated in previous works.10.121 WATANABE",21) has revealed that ingested protein is accumulated in the supranuclear vacuoles and digested there. Food proteins in the vacuoles are later hydrolyzed. Thus the capacity for protein ingestion which had developed before the initiation of feeding became functional when larvae began feeding. With growth of the larvae, protein ingestion activity increased and was maintained for about 200 days without noticeable variation. However, the amount of ingested food proteins in the vacuoles diminished markedly after the differentiation of gastric glands. This coincides with the observation of TANAKA10) who showed that acidophilic granules tend to disappear with the development of gastric glands. It is clear that disappearance of food proteins from the rectal cells is not caused by the loss of the ability to ingest protein molecules. Peptic activity begins to increase when gastric glands differentiate. [23] [24] [25] The stomach lumen shows acidity several days after the morphological differentiation of gastric glands.16) The disappearance of food proteins from the cells can be explained as a change in the process of protein digestion. With functional gastric glands, food proteins are subjected to peptic digestion in the stomach. Successive extracellular digestion in the intestine reduces proteins into small molecules of peptides and amino acids. Thus the amount of molecular food proteins in the rectal lumen decreases and the amount of ingested proteins in the cells diminishes. The mechanism of protein nutrition progressed from intracellular to extracellular digestion. As shown previously,12) the time required for the complete intracellular digestion of HRP by the rectal cells was longer in juveniles than in larvae of pond smelt. The retardation of intracellular digestion in the juveniles may be related to the loss of nutritional significance of the rectal cells.
This study did not deal with the quantitative aspects of protein ingestion by the rectal cells. STROBANJ and his coworkers26 .27) raised the question of the quantitative role of pinocytotic protein ingestion in adult stomachless fishes. Their study on grasscarp showed that protein is mainly digested and absorbed in the anterior intestinal segment.ETI However, as food organisms are known to be carried quickly to the posterior part of the intestine in larvae, 10) the rectal epithelium must be an important site of protein uptake. The rectal cells in pond smelt larvae contained large quantities of proteins in their supranuclear vacuoles.
In adult pond smelt, the rectal cells showed some invaginations of the intermicrovillous plasma membranes. The presence of pinocytotic features in the rectal cells of adult fish has been reported in some species.13-15) STROBAND and KROON18) maintained that the ability to take up macromolecules is probably a general feature of the teleost intestine. In adult pond smelt, however, ingestion of protein molecules was never found in the rectal cells despite of the presence of some intermicrovillous invaginations. The presence of the invaginations could not be used as an indicator of protein ingestion capability. However, it should be noted that cells without this ability lack large supranuclear vacuoles. Since the vacuoles in the rectal cells are known to be formed as a result of repeated coalescence of pinocytotic vesicles ,21) absence of the vacuoles suggests inertness of pinocytosis. KREMENTZ and CHAPMAN13) demonstrated the disappearance of large supranuclear vacuoles from the intestinal cells of channel catfish with growth. In rainbow trout, YAMAMOT8) reported the absence of large supranuclear vacuoles in the rectal cells of adults and supposed that the cells were unable to ingest protein. On the other hand, EZEASOR and STOKOEIb) showed that both vacuolated and non-vacuolated cells are found in the rectal epithelium of adult rainbow trout and maintained that the vacuolated cells are active in protein ingestion.
NOAILLAC-DEPEYRE and GAS14) found that the rectal cells of adult perch Perca fluviatilis, a stomach-possessing species, ingest HRP by pinocytosis. Since the size of the fish used in their study was not described, it is possible that the fish were not sexually mature, but were immatures which had adult-like digestive systems. If so, the occurrence It is of interest from an evolutionary viewpoint that the primitive intracellular digestion mechanism has an important nutritional role in teleosts only in the early stages of postembryonic development.
